Respiratory syncytial virus (RSV) infection is the most common cause of lower respiratory tract infection and the leading cause of hospitalization among young children, incurring high annual costs among US children under the age of 5 years. Palivizumab has been found to be effective in reducing hospitalization and preventing serious lower respiratory tract infections in high-risk infants. This paper presents a systematic review of the cost-effectiveness studies of palivizumab and describes the main highlights of a round table discussion with clinical, payer, economic, research method, and other experts. The objectives of the discussion were to (1) review the current state of clinical, epidemiology, and economic data related to severe RSV disease; (2) review new cost-effectiveness estimates of RSV immunoprophylaxis in US preterm infants, including a review of the field's areas of agreement and disagreement; and (3) identify needs for further research.
Respiratory syncytial virus (RSV) is the leading cause of lower respiratory tract infection among young children and the most common cause of hospitalization among those younger than 1 year [1] . Among high-risk infants, RSV hospitalization is associated with substantial costs from prolonged intensive care and/or mechanical ventilation [2] . Studies suggest that among US children under the age of 5 years, RSV infection is responsible for anywhere from 57 500 to more than 100 000 hospitalizations and 2.1 million outpatient visits annually [3] . From a population perspective, RSV is expensive, costing more than $650 million annually in the United States, according to estimates from 2000 [4] . Additional costs such as caregiver absences from work and recurrent wheezing episodes in infants who experience severe illness also can contribute to the substantial cost burden of RSV disease.
Infants who are born prematurely (defined as <37 weeks gestational age [wGA] ) and those with underlying concomitant disorders such as chronic lung disease (CLD) or congenital heart disease (CHD) are at increased risk for severe, sometimes life-threatening RSV disease [5] . Environmental risk factors for RSV infection include pollution, living in crowded conditions or at higher altitude, low parental education or socioeconomic status, and child care attendance. More severe RSV disease is correlated with preterm birth and young chronologic age [3, 6, 7] .
There is currently no vaccine available to prevent RSV infection in infants. Developing a vaccine for RSV is very challenging given the young chronologic age of the target population and concerns regarding their immune responsiveness [8] . In 1998 the US Food and Drug Administration (FDA) approved immunoprophylaxis with palivizumab to prevent RSV infection for those at high risk of RSV disease. Palivizumab is a monoclonal antibody that must be injected once each month during the RSV season; the season typically lasts from November through March [9] . Palivizumab has been found to be effective in reducing hospitalizations and preventing serious lower respiratory tract infections in high-risk infants. The cost of immunoprophylaxis varies, as the dose is weight dependent. A single course of palivizumab is estimated to range from $1500 to $4300 per month, costing as much as $6000 to $20 000 per child for 4 to 5 doses in 1 RSV season [10, 11] . A significant portion of the children receiving immunoprophylaxis are covered by state Medicaid plans [12] , although eligibility criteria for coverage vary from state to state. The price of immunoprophylaxis per child/year has remained relatively steady over the past 5 years.
Since the FDA approval of palivizumab, the American Academy of Pediatrics (AAP) has updated its RSV patient management guidance 4 times, focusing on subgroups of children who are at high risk of RSV infection. In 2014, the AAP issued the most recent update as a policy statement and concluded that preterm infants born between 29 and 35 wGA without CLD, hemodynamically significant CHD, or other coexisting conditions have only a small risk (<5%) of RSV hospitalization. Table 1 shows a comparison of 2012 guideline and 2014 AAP policy for RSV immunoprophylaxis. The 2014 policy recommends that the subpopulation of premature infants without other qualifying conditions who previously qualified to receive prophylaxis under the 2012 guidelines not be offered prophylaxis. In addition, infants with CHD who are older than 1 year during RSV season are no longer recommended to receive immunoprophylaxis according to the 2014 AAP policy [13] .
Identifying which children should be targeted for RSV immunoprophylaxis remains a challenge for parents and health care providers of premature infants. Conflicting evidence about the cost-effectiveness of palivizumab has led to changes in clinical recommendations on the use of RSV immunoprophylaxis and created confusion. Demand to better understand RSV disease and the cost-effectiveness of immunoprophylaxis is growing from providers, payers, and parents [14] .
In this paper, we present a systematic review of the cost-effectiveness studies of palivizumab. In addition, we describe the main highlights of a round table discussion with clinical, payer, research methods, and other experts about the available cost-effectiveness evidence for RSV immunoprophylaxis and the next steps for future research. The objectives of the round table were to (1) review the current state of clinical, epidemiology, and economic data related to severe RSV disease in US infants born between 29 and 35 wGA; (2) review new cost-effectiveness estimates of the value of RSV immunoprophylaxis in US preterm infants, including a review of assumptions and scenarios to understand the field's areas of agreement and disagreement; and (3) identify areas of common ground and areas of evidence uncertainty as well as needs for further research.
METHODS

Literature Review
We conducted a systematic search for published cost-effectiveness analyses using the Tufts Cost-Effectiveness Analysis (CEA) Registry, as well as PubMED, Cochrane collaboration library of systematic reviews, and health technology assessment body reports for the National Institute for Clinical Excellence (NICE) in the United Kingdom and the Canadian Agency for Drugs and Technologies in Health (CADTH) to inform the round table discussion. The CEA Registry is a database containing detailed information from a large systematic review of cost-utility analyses in the peer-reviewed literature, including more than 14 570 standardized cost-effectiveness ratios, as well as more than 21 900 utility weights. The methodology underlying the CEA Registry has been described previously [15] . For this study, we limited our search to articles that reported an original cost-effectiveness analysis study where the intervention was RSV prophylaxis with palivizumab; that studied either a US, Canadian, or UK population; and were published between January 1998 and December 2016. The search was conducted with the following terms: "RSV, " "respiratory syncytial virus, " "palivizumab" or "prophylaxis, " and "cost effectiveness" or "cost-effectiveness. " We referred to health technology assessment reports in order to capture all the original studies that might not have otherwise come up on our searches. While meta-analyses did not fit our inclusion criteria, we checked the references and literature reviews performed as part of the meta-analysis in order to enrich our own literature search.
Further, we assessed the risk of bias for each study, using modified criteria for assessing study design and validity in clinical research [16] . The criteria included quality of evidence that supported health-economic model assumptions, as well as the level of validation of model internal consistency with techniques such as 1-way deterministic and multivariate probabilistic sensitivity analyses. Two reviewers independently assessed each study, rated its risk of bias (low, medium, or high) and met to reach consensus on their findings. We evaluated the methods and assumptions used in these published cost-effectiveness analyses to determine what was primarily driving differences in the results of the published analyses and how they compared with the 2014 AAP policy. Specifically, we reviewed the patient populations included in the analysis, the epidemiological and cost assumptions, the time horizons and perspectives of the analyses, and the specific outcome measures. The perspective of a cost analysis can have a large impact on results. For example, a study might be narrowly focused on a particular part of the health care sector or might take into account broader impacts of disease and treatment, such as impact on caregivers, their costs, health, and productivity.
Round Table Discussion
The round table meeting was held on November 11, 2016, in Boston, Massachusetts, and included discussants from various health care perspectives, including clinicians, payers, policy experts, and health economists. Participants were invited based on having one of the roles above, scientific interest in the area of RSV, and availability to attend an in-person meeting. Additionally, we invited members of the American Academy of Pediatrics Committee on Infectious Diseases; however, they declined the invitation. Researchers from University of Washington and Tufts Medical Center reviewed and presented the available evidence, retaining independence to publish and disseminate the conclusions of the research and the round table discussion. AstraZeneca, the manufacturer of palivizumab, sponsored the meeting. In order to describe, from a variety of different stakeholder viewpoints, the issues and gaps around the evidence on RSV immunoprophylaxis and to generate a discussion between the various stakeholders, we used focus group methodology: a moderated semistructured discussion among the panel participants, allowing each participant a chance to speak and respond to a set of topic questions and comments raised by other participants. The discussions focused on 2 key topics: (1) epidemiological and clinical challenges and (2) value assessment challenges.
RESULTS
Literature Review
General Methods and Model Inputs
We identified 7 studies that met our inclusion criteria ( Figure 1 and Table 2 ). Most of the studies used similar methods for cost-effectiveness analyses and employed consistent data. Most of the eligible studies examined a 5-month RSV season corresponding to 5 doses of palivizumab. Six out of 7 studies conducted the analysis from a health care payer perspective, incorporating direct medical costs of the immunoprophylaxis and hospitalizations due to RSV over a lifetime time horizon, and examined the short-term benefits of reducing the number of hospitalizations and of reducing morbidity and mortality. Only 4 studies attempted to include a broader societal perspective in their analysis, and only 3 included both the health care sector and the societal perspective, as recommended by the Second Panel on Cost-Effectiveness in Health and Medicine [17] . All 7 studies we reviewed used quality-adjusted life-years (QALYs) as the outcome measure. Five of the 7 studies were sponsored by pharmaceutical companies, and the remaining 2 did not disclose the funding source. In our review of risk of bias, 3 studies were found to be at medium risk [18] [19] [20] and 4 were considered at high risk of bias [21] [22] [23] [24] .
Patient Populations Studied
The patient populations included in the study samples are shown in Table 3 . Six of the 7 studies included a premature infant population, and 1 study focused only on an infant population with CHD. Two of the studies examined all main high-risk categories (prematurity, CLD, CHD), whereas 3 other studies examined other risk factors associated with RSV disease. Table 4 shows the ranges of the reported incremental cost-effectiveness ratios (ICERs) for various groups. For the studies that examined the population of infants with CHD, ICERS ranged from $15 000/QALY to $140 000/QALY gained. This group falls within the recommended coverage criteria put forth by the AAP if the infant is younger than 12 months of age. For the studies that examined a population of infants with CLD, ICERs ranged from $31 000/QALY to $38 000/ QALY gained. This group also falls within the recommended coverage criteria in the AAP if the infant is younger than 24 months of age. Cost-effectiveness ratios for a population of premature infants ranged from $800/QALY to $800 000/QALY gained. The magnitude of the ICER was different in specific subgroups, particularly as defined by wGA at birth, as well as the number of risk factors. The differences were driven by a combination of factors varying by subgroup, including the risk of adverse outcomes associated with RSV, drug effect sizes, and costs. Immunoprophylaxis is less cost-effective and less likely to be recommended by the AAP if the infant is of older gestational age (ie, 32-35 wGA) and older chronologic age, and if they have fewer risk factors.
Variation in Reported ICERs
Societal Perspective and Spillover Effects
Only 1 of the 7 studies [24] we reviewed included infant future productivity loss estimated over the expected lifetime of the recipient. The 6 other studies did not incorporate any productivity loss impacts or spillover effects pertaining to the RSV infection. In the studies that included both perspectives, 4 • OFID • Olchanski et al RSV immunoprophylaxis appeared more cost-effective when broader cost impacts were included.
DISCUSSION
Critical Challenges and Limitations for RSV Economic Modeling
As in all situations, decisions about appropriate policy for RSV must be made in the face of uncertainty around cost-effectiveness. In this paper, our objective was to evaluate the current state of cost-effectiveness analysis for RSV and areas for improvement in the evidence base. As outlined in the review of the literature, there were some areas of methodological agreement in published health economic studies, such as assumptions about the duration that immunoprophylaxis was offered, the types of costs considered, and the time horizon. However, several assumptions and definitions about the specific populations treated limit the ease of interpretation, comparison, and use of these analyses by clinicians and policy makers. In general, the studies found that the more targeted the risk group, the more likely that immunoprophylaxis was cost-effective; however, the studies did not systematically identify those groups in which immunoprophylaxis offered the best value. Additionally, the patient group definitions used in cost-effectiveness studies and clinical recommendations, such as the 2014 AAP policy, did not always line up, making the health economic evidence difficult to apply. Participants at the round table focused primarily on limitations in the existing evidence base that make interpretation of cost-effectiveness challenging, and ways forward to fill the evidence gaps.
Epidemiological and Clinical Data Challenges
Participants at the round table agreed that an understanding of foundational epidemiology and outcomes associated with RSV disease is essential for better understanding the potential value of immunoprophylaxis and other prevention strategies across different risk groups. The general consensus was that the foundational epidemiological data on RSV disease should be improved. Discussants further identified the following gaps in the field's knowledge.
Incidence and Hospitalization Rates
Disease incidence rates and associated hospitalization rates for specific risk groups, such as younger gestational and/or chronologic age or underlying conditions, or a combination of risk factors, are often unclear or ill-defined in the existing literature. Anatomical and physiological immaturity of infants may increase susceptibility to a complicated respiratory infection, such as RSV. While it is clear that prematurity and younger chronologic age confer an increased risk of severe RSV disease, each study presents slightly different cut-points of gestational age at birth and/or chronologic age since birth to define and report rates in subgroups. It is also not well laid out how the presence of multiple risk factors, such as degrees of prematurity [7] , and the epidemiology of RSV in high-risk infants indicated for palivizumab is influenced by the use of immunoprophylaxis. Analysis comparing prophylaxis use to nonuse in these populations needs to account for this lack of information.
Potential for Bias
Further, caution must be used when interpreting the reported rates of hospitalization by gestational age/chronologic age, as there could be prevalence bias in these estimates. For instance, the 28-29 wGA infants that are in the community at <3 months old are not like most infants in this group, who stay at the hospital and may have prolonged stays due to RSV, but not new hospitalizations. Incidence rates of RSV in the community may be very different from those in the academic or tertiary health care setting. Another factor introducing potential bias into RSV incidence and hospitalization rates is inadequate testing and reporting. Abbreviation: CA, chronologic age. a AAP does not recommend for children >12 mo CA.
b AAP recommends for children 12-24 mo CA only if they continue to need medical support.
c AAP does not recommend for premature infants of >29 wGA unless they meet certain qualifying conditions. d AAP does not recommend for 35 wGA.
e Risk factors may include comorbid conditions, such as congenital heart disease or chronic lung disease. Currently, patients triaged based on symptoms at emergency departments and hospitals are not being tested for RSV routinely. In order to prevent underestimation, RSV would have to be tested for and reported adequately and systematically, especially in the at-risk groups who can benefit from palivizumab prophylaxis. Although routine testing in all patients is not recommended, and likely not helpful in practice, the lack of systematic incidence information remains a challenge.
Types of Resource Use
Interpreting hospitalizations and other resource use is challenging given the lack of standardization for admission, acuity, and triage. It is often not clear, for example, what specific types of resource use are considered in cost-effectiveness analyses. The possibilities span outpatient monitoring and visits, emergency department visits, varying numbers of days for inpatient stays and intensive care unit (ICU) stays. Unfortunately, data on RSV disease severity are often not assessed or presented in resource use analyses.
Seasonality
Another aspect that introduces complexity is the seasonality of RSV disease incidence, which varies annually. The disease incidence is highest during specific times of year, which vary by region, with the special exceptions of Alaska, Hawaii, parts of Florida, and Texas. Depending on the location and time of year combined with other factors, the best strategy may vary. Geographic and climate variability of RSV risk remains largely unspecified.
Longterm Consequences
Going forward, research should be undertaken to better understand the potential long-term consequences of RSV disease. There is ongoing debate over whether there is a causal relationship between RSV infection in infancy and subsequent wheezing and asthma later in life. One view is that having RSV during a certain window of time may predispose the individual to asthma later in life. Others believe that the same individuals who are likely to develop wheezing and asthma are also more susceptible to RSV infection in infancy, and the infections themselves do not modify asthma risk [25] [26] [27] .
Economic Analysis Challenges and Limitations
The limitations of epidemiology data on RSV disease hamper the ability to conduct a complete economic analysis because of gaps in the underlying clinical data. The FDA indication for palivizumab supports a much larger treatment cohort. Based on epidemiology data alone, it is not clear which patients should have the highest priority and have the best chance of benefitting from immunoprophylaxis. Published studies generally do not make a clear distinction between outpatient treatment and inpatient hospitalizations, which incur different resource use and costs. Importantly, hospitalizations for RSV infection among very young premature infants may typically include costly time in the neonatal intensive care unit (NICU) or pediatric intensive care unit (PICU) [7] . Furthermore, there are natural patterns of variability in the cost estimates involved in RSV and its prophylaxis that complicate cost-effectiveness calculations. First, RSV hospitalization costs vary by patient gestational and chronologic age, with younger and more premature infants more likely to have more expensive longer stays and higher use of ICUs [11] . Second, the cost of palivizumab prophylaxis is based on infant weight, which is determined partly by the gestational age at birth, as well as the chronologic age. Smaller infants are treated with smaller doses of palivizumab, which lowers the costs of prophylaxis in younger or more premature infants [28] . These cost trends move in opposite directions, and there are potentially certain high-risk groups in which the costliest hospitalizations could be prevented with lowest-cost prophylaxis, creating a possible "sweet spot" for value. Various strategies, including batching immunoprophylaxis for high-risk preterm infants prior to NICU discharge, may produce additional efficiencies in dosing/cost ratios. The impact of RSV disease has both short-term and longterm consequences, as well as broader societal implications that are often not included in cost-effectiveness analyses. Although immunoprophylaxis does not prevent RSV infection, the severity of the symptoms is significantly reduced in those who are treated. In the short term, caregivers of a sick infant may need to miss work to take care of the infant and travel for appointments and hospital stays, which can result in a heavy financial toll in the form of lost workdays and travel costs. Additionally, families and caregivers may suffer adverse health consequences based on increased illness severity or duration in the unprophylaxed infant. In order to account for these aspects of RSV immunoprophylaxis value, cost-effectiveness analyses need to incorporate spillover effects on patients' caregivers, families, and society at large, as recommended by the recent review by the Panel on CostEffectiveness in Health and Medicine [17] .
In the long-term, the impact RSV disease has on health may range from increased susceptibility to respiratory complications, mid-to long-term lung function decline, recurrent wheezing, asthma, and otitis and rhino-conjunctivitis, as well as mortality. Length of stay data may inadequately reflect disease severity in situations where early mortality from disease is high. Costs associated with these effects go beyond the acute phase of the disease and may need to be incorporated, or at least considered as part of sensitivity analyses in cost-effectiveness analysis.
Strengths and Limitations
This review and round table discussion provides important insights into different stakeholders' views on the evidence landscape. While the discussion was not meant to comprehensively capture all views, it identified several areas of consensus and ideas to further the field of evaluation of RSV prevention strategies. Furthermore, the cost per QALY literature is not the only possible measure of value; however, this type of CEA is considered a standard approach to quantifying value in health and medicine [17, 29] .
ROUND TABLE DISCUSSION: CONCLUSIONS AND RECOMMENDATIONS
Following the discussion and identification of critical gaps in data and approaches to modeling the value of RSV immunoprophylaxis, the round table discussion outlined recommendations for next steps in advancing knowledge in this area. An understanding of foundational epidemiology and outcomes associated with RSV disease is essential for understanding the value of immunoprophylaxis and other prevention strategies across different risk groups, as described in Table 3 . We highlight the following recommendations to tackle the challenges of economic modeling of RSV disease:
i. Conduct studies strengthening epidemiological data. There should be valid data on incidence rates for disease and hospitalizations, which allow for risk stratification. 
